The effects of neutrons on the operating characteristics of Insulated Gate Bipolar Transistors (IGBT) are described. Experimental results are presented for devices that have been irradiated up to a fluence of 10'3neutrons/cm2, and an analytical model is presented which explains the observed effects. It is found that the on-state voltage increases, the switching time decreases, and the saturation current decreases with increasing neutron fluence. For the range of fluences studied, the observed effects result from a reduction in minority carrier lifetime in the IGBT and not from changes in the effective dopant density. The effects of neutrons on the IGBT are compared with the known effects on power MOSFETs, and it is shown that the IGBT characteristics begin to degrade at a fluence that is an order of magnitude less than the fluence at which the power MOSFET begins to degrade.
The coordinate system is shown in figure 3 and the symbols used here are defined in table 1. 
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The model assumes the equivalent circuit of figure 2 and treats NB the IGBT in one dimension. A one-dimensional model is ade-WB quate because the lateral separation of the MOSFET drains is A typically much less than the bipolar transistor base width. As r mentioned above, the bipolar transistor base is assumed to be THL operating under high level injection conditions. ni Steady State. At steady state, the excess carrier distribution "n i'p in the base is given by: b
Dn, DP where:
is the electron quasi-fermi potential drop in the emitter, and (8) The second term on the right of eq 7 is related to the diffusion of carriers across the base.
Transient. To turn-off the IGBT, the gate voltage is switched below threshold, which rapidly removes the MOSFET channel current and eliminates the base current supplied to the bipolar transistor. The bipolar transistor collector current falls slowly, though, because the charge stored in the base region must decay. The anode current waveform for the IGBT being turned off with a constant anode-cathode voltage is shown in figure   5 . The initial rapid drop is associated with removal of the MOSFET channel current, and the long decay tail is due to the remaining slowly decaying excess carriers in the bipolar transistor base.
The slowly decaying portion of the anode current is shown over several decades of current in figure 6 . The lifetime in the bipolar transistor base here is 7ps. Over most of the current range, the decay of carriers is dominated by recombination in the bipolar transistor base. This is evident from the large linear portion of the plot. At IT(t) = W2 Q(t),
The anode current during the recombination dominated portion of the slow decay phase is given by:
where Q(t) is the total excess carrier charge in the base. The anode current is slightly larger than that given by eq 10 at very high and very low currents.
The relative magnitude of the rapid drop in current shown in figure 5 
where saturation is assumed to be due to pinch-off. III. Experiment A group of IGBT devices with similar electrical characteristics was chosen and the devices were irradiated at one of three different neutron fluences. The devices were rated by their manufacturer to have a breakdown voltage of 450 V and a maximum current of 20 A. The devices were screened to have similar pre-rad values of bipolar transistor base minority carrier lifetime and MOSFET transconductance. The threshold voltages of the devices were not matched as this parameter is unimportant to the study and the account of changes in the characteristics of the IGBT due to threshold voltage shifts can easily be made. The White Sands Missile Range Fast Burst Reactor was used for the neutron exposures. The devices were exposed to nominal neutron fluences of 101", 1012, and 1013 neutrons/cm2 (En > 10keV). The fluences were determined from sulfur pellet measurements and a plutonium-sulfur ratio supplied by the facility. Typical levels of accompanying ionizing radiation were inferred from previous work5 (e.g., 2. figure 6 where the base is in high level injection and injection into the emitter does not significantly affect the decay rate.
III.b. Effect of Neutrons on IGBT
Electrical Characteristics The measured and predicted on-state voltage versus current are shown in figure 8 for each of the neutron fluence levels.
These data are replotted in figure 9 as on-state voltage versus neutron fluence for several values of current. The effect of increasing neutron fluence is to increase the on-state voltage for a given current level. The predicted curves are found using eq 1 through eq 8 and eq 13. The material parameters and lifetimes used for these calculations are listed in tables 2 and 3. The relative magnitude of the slowly decaying portion of the turn-off current waveform compared to the steady-state current, i.e., #t, from eq 11, was measured for all the devices. The output characteristics for an IGBT as measured on a curve tracer are shown in figure 12 . On this figure, the IGBT saturation current at a given gate voltage, ITat, is defined as the current above which increases in the anode voltage have no effect on the current. Saturation occurs in the IGBT because the MOSFET which is supplying base current to the bipolar transistor saturates. The MOSFET saturation current is given by eq 14 (16) where IC and IB are calculated from eq 2 and eq 3.
IV. Discussion
The excess carrier concentrations as a function of distance from the emitter end to the collector end of the base of the bipolar transistor for two different lifetimes and the same current density are shown in figure 14 . These carrier distributions are calculated from eq 1. The most important feature to note is that as the lifetime is decreased, the excess stored charge decreases everywhere in the base. The relative lifetimes chosen for these plots are approximately those for an unirradiated IGBT and for a device after a dose of between 1012 and 10'3neutrons/cm2.
The major effects that neutrons have on the electrical characteristics of the IGBT can be qualitatively described with the aid of this figure.
Consider first the increase in on-state voltage at a given current as the neutron fluence increases, such as shown in figures 8 and 9. From eq 8, it can be seen that as the excess carrier concentration in the base decreases, n,ff decreases. This causes an increase in the electron quasi-fermi potential drop across the base, as given by eq 7. In effect, as less charge is stored in the base, its effective resistance increases, contributing to an increase in the on-state voltage. Consider next the decreased magnitude and decay time of the slowly decaying portion of the turn-off current waveform, as shown in figures 10 and 11. The magnitude of the current during the slow decay phase is given by eq 10. From eq 10, it can be seen that: 1) the smaller the magnitude of stored charge, the smaller the current; and 2) the more rapid the decay of stored charge, the more rapid the decay in current. The decay time of the stored charge is shorter for the lower lifetime device because the recombination rate of excess carriers is greater.
The initial magnitude of the slowly decaying tail is smaller for the lower lifetime device because the initial stored charge is less. The saturation current of the IGBT decreases with increasing neutron fluence because as the lifetime of the bipolar transistor base is decreased, the gain of the bipolar transistor is reduced. Because the value of the MOSFET saturation current, given by eq 14, does not change with dose, the IGBT saturation current is decreased by the ratio of decrease in the bipolar transistor current gain, given in eq 16. Because the current gain of the reduced lifetime bipolar transistor is reduced, a given value of a decrease in the effective dopant concentration in the drain of the device. Figure 15 shows a comparison of the effects of neutrons on the on-state voltage between an IGBT (see figure  9 ) and a power MOSFET. The curves in the figure are for a current of 10 A in each instance. The effect of the neutrons on the MOSFET are based upon the results shown in figure 5 (device A) of Blackburn, et al. 5 The pre-rad MOSFET drainsource on-resistance is assumed to be 0.4 Ql. Although the two devices compared are not totally equivalent, the relative trends are clear. The on-state voltage of the IGBT begins to increase at a lower neutron fluence than for the power MOSFET. This is because, as previously mentioned, the lifetime begins to decrease at a lower fluence than does the effective doping density. Included in the IGBT extrapolated results (solid curve of figure  15 ) is the predicted effect of the reduction in effective doping on that device.8 At high doses, the IGBT characteristics become those of a power MOSFET, which has an area of 0.2 times that of the 0.4-l MOSFET. Unlike the IGBT, the power MOSFET does not experience any change in switching characteristics with increasing neutron fluence. This is because the switching of the power MOSFET is primarily controlled by the gate and drain capacitances, both of which are unaffected by neutrons. Also, unlike the IGBT, the power MOSFET experiences no change in saturation current at a given gate voltage with increasing neutron fluence.
V. Conclusions Because the output characteristics of the IGBT are dominated by the wide-base bipolar transistor, the IGBT output is very sensitive to the carrier lifetime in the base of the bipolar transistor. The bipolar transistor base lifetime is found directly from the exponential decay of the tail portion of the anode current waveform. The measured lifetimes decrease with neutron exposure as expected. The on-state voltage at a given current increases, the switching time decreases, and the saturation current at a given gate voltage decreases as the neutron fluence increases. The experimental results can be explained with the aid of an analytic model of the IGBT where the carrier lifetime is reduced by the neutron exposure. The effects of neutrons on the IGBT are related to reduction in carrier lifetime and not to changes in material resistivity. Both the increased on-state resistance and the decreased total turn-off time must be considered for an IGBT which experiences neutron radiation. The increased on-resistance, of course, contributes to increased on-state power dissipation within the IGBT and increased operating temperature. The low on resistance is the principal advantage of the IGBT over the MOSFET and this advantage is lost at high neutron doses. The decreased turn-off time may reduce power dissipation during switching. Assuming that the unirradiated IGBT was optimized to the circuit, the sum of the on-state and switching power dissipation would likely increase.
